Introduction
============

Perinatal asphyxia is the third most frequent cause of death during the neonatal period and a major cause of long-term neurodevelopmental disability in Western industrialized nations.[@b1-hp-5-033] It is a medical condition under which the neonatal brain suffers from oxygen deprivation, which leads to hypoxic neuronal damage.[@b2-hp-5-033] The only evidence-based therapy to prevent neuronal damage due to perinatal asphyxia is to lower the infant's body temperature to 33°C--34°C for 72 hours, as observed in several multicenter randomized controlled trials, to improve survival rates and neurological outcome in term infants.[@b3-hp-5-033]--[@b5-hp-5-033] Moderate therapeutic hypothermia (32.0°C--33.9°C) is also recommended for other clinical situations, leading to hypoxic--ischemic brain injury, such as out-of-hospital cardiac arrest.[@b6-hp-5-033],[@b7-hp-5-033] Yet, many patients with hypoxic--ischemic brain injury survive with a poor neurological outcome or die. Therefore, it is important to further understand the molecular mechanisms of hypothermia-induced neuroprotection and to identify key targets of hypothermia in order to improve current therapy as well as to develop new intervention strategies.

Although the understanding of hypothermia-induced neuroprotection remains incomplete, many experimental studies have shown that hypothermia is able to mitigate several injury processes in the hypoxic--ischemic brain. Hypothermia reduces cerebral metabolism by \~5%--10% per degree cooling and, therefore, decreases oxygen demand in neurons.[@b8-hp-5-033],[@b9-hp-5-033] The accumulation of excitatory amino acids such as glutamate released during hypoxic--ischemic brain injury is diminished by hypothermia,[@b10-hp-5-033],[@b11-hp-5-033] as well as decreased the production of free radicals and reactive oxygen species (ROS).[@b12-hp-5-033] Furthermore, hypothermia reduces cell death following hypoxia and attenuates inflammatory responses through the inhibition of proinflammatory cytokine expression.[@b13-hp-5-033],[@b14-hp-5-033]

Whereas lowering the body temperature inhibits global protein synthesis, a small group of RNA-binding proteins is induced by mild-to-moderate hypothermia. One of these "cold-shock proteins" is the RNA-binding motif 3 (RBM3). First described by Derry et al, RBM3 consists of 157 amino acids, has a molecular weight of 17 kDa, and has an arginine--glycine-rich domain, called the RNA recognition motif (RRM), to bind RNA.[@b15-hp-5-033],[@b16-hp-5-033] RBM3 is ubiquitously expressed in the body, but in a temperature-dependent manner. Exposure to moderate hypothermia (32°C) for 24 hours has been observed to increase RBM3 mRNA expression, whereas exposure to elevated temperatures (39°C) resulted in decreased expression.[@b17-hp-5-033] RBM3 expression was also observed to be enhanced in hippocampal murine slices in response to mild hypothermia (33.5°C) on both the transcriptional and translational levels.[@b18-hp-5-033] Furthermore, RBM3 seems to be participating in the oxygen stress response as it has been observed to be upregulated upon exposure to mild or severe hypoxia (8% or 1% O~2~, respectively) in non-neuronal cells by an HIF-1-independent mechanism.[@b19-hp-5-033] RBM3 is also highly expressed in the brain of young rats and mice as well as in areas with high translational rates in cerebral tissue of adult rats.[@b20-hp-5-033]

The molecular and cellular function of RBM3 is thought to be multifarious and remains poorly understood. RBM3 is able to bind to the 60s subunit of ribosomes and increases translation.[@b21-hp-5-033],[@b22-hp-5-033] Overexpression of RBM3 reduces apoptosis, whereas RBM3 knockout decreases cell viability and inhibits cell proliferation.[@b23-hp-5-033],[@b24-hp-5-033] Peretti et al reported that RBM3 is involved in synapse regeneration in a mouse model of neurodegenerative disease.[@b25-hp-5-033] Cold-shock proteins such as RBM3 could be possible mediators of hypothermia-induced neuroprotection. Therefore, an in vitro model with human SK-N-SH neurons was established to investigate the effects of hypoxia and hypothermia on neuronal cell survival and to examine the regulation of RBM3 gene expression.

Methods
=======

Cell culture
------------

SK-N-SH human neuroblastoma cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were routinely cultured in Dubecco's Modified Eagle's Medium (DMEM) with 10% heat-inactivated fetal calf serum (FCS), 1 mM sodium pyruvate, and 1% penicillin/streptomycin at 37°C and 5% CO~2~ in a fully humidified incubator. Culture medium was changed every 2 days and the cells were passed upon reaching \~80% confluency. Cell culture flasks, culture dishes, and 96-well plates were coated with 0.2% gelatin in phosphate-buffered saline (PBS), and the cells were allowed to settle for 24 hours before the experimental start.

Hypoxia/reoxygenation
---------------------

Hypoxia was induced in the SK-N-SH neurons by using a three-gas-regulated incubator (Binder, Tuttlingen, Germany) with 0.2% O~2~ (hypoxia), or 8% O~2~ (subatmospheric oxygen tension), 5% CO~2~ and N~2~ balance at 37°C for 24 hours, followed by reoxygenation at atmospheric normoxic conditions (95% air and 5% CO~2~) for up to an additional 72 hours. Control groups were maintained at atmospheric normoxia (21% O~2~) for the duration of the experiment ([Figure 1](#f1-hp-5-033){ref-type="fig"}). SKN-SH neurons were cultured in DMEM with 10% FCS and 1% penicillin/streptomycin.

Moderate therapeutic hypothermia
--------------------------------

Post-hypoxia moderate therapeutic hypothermia was subsequently applied by cooling the neurons to 33.5°C for 24, 48, or 72 hours in a CO~2~ incubator with 95% air, 5% CO~2~, and 95% humidity (Hereaus, Hanau, Germany), in accordance with the current guidelines for treatment of perinatal asphyxia. Normothermic experimental groups were maintained at 37°C ([Figure 1](#f1-hp-5-033){ref-type="fig"}).

Immunofluorescent microscopy
----------------------------

To examine cell morphology, SK-N-SH cells were stained for neuron-specific beta III-Tubulin (Covance, Princeton, NJ, USA) and 4′,6-diamidin-2-phenylindol (DAPI; Pierce, Rockford, IL, USA) nuclear counterstain according to an established protocol. Briefly, cells were fixed with 4% paraformaldehyde for 20 minutes, permeabilized with 0.3% Triton X-100 in PBS, and blocked with 10% goat serum for nonspecific binding. The primary antibody (anti-beta III-Tubulin, 1:2000) was diluted in 0.5% bovine serum albumin in PBS, and cells were incubated overnight at 4°C with gentle agitation. Cells were then washed and incubated with the secondary antibody (Texas Red; Thermo Fisher Scientific, Waltham, MA, USA) for 1 hour at room temperature and protected from light with gentle agitation. Subsequently, cells were washed and then incubated with DAPI (1:2000) for 10 minutes at room temperature and protected from light with gentle agitation. After a final washing with PBS, cover slips were mounted onto glass slides and examined by fluorescent microscopy.

Cell death
----------

For quantification of cell death, the enzymatic activity of lactate dehydrogenase (LDH) released from the cytosol of damaged cells was determined by using a colorimetric Cytotoxicity Detection Kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. Extinctions were measured at 570 nm in a microtiter plate reader (Multiscan Ascent; Thermo Fisher Scientific). Optical density values were normalized to the normoxic and normothermic control for each corresponding time point. In addition, release of neuron-specific enolase (NSE) from damaged cells was measured by ELISA (Roche Diagnostics).

ATP concentration
-----------------

Intracellular ATP levels were quantified by using the CellTiterGlo®Luminescent Cell Viability Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Luminescence intensity was measured with an integrity time of 500 ms.

Quantitative real time polymerase chain reaction analysis
---------------------------------------------------------

SK-N-SH cells were seeded in 22 cm^2^ cell culture dishes at a density of 2×10^5^ cells per dish 24 hours before the experimental start. Total cellular RNA extraction was performed by using the peqGOLD RNAPure™ kit (PEQLAB Biotechnology, Erlangen, Germany) according to the manufacturer's instructions. RNA concentration was analyzed employing a NanoDrop spectrophotometer (Thermo Scientific, Karlsruhe, Germany). Two thousand nanograms of total RNA was reversely transcribed into cDNA by using Moloney murine leukemia virus reverse transcriptase and random primer (Promega, Madison, WI, USA) in a reaction mixture including DNAse I treatment. The products of RBM3 and GAPDH as housekeeping gene were quantified in real time by using the following dye-labeled fluorogenic reporter oligonucleotide TaqMan™ probes (Thermo Scientific Fisher): RBM3 Hs00943160_g1 and GAPDH Hs03929097_g1.

Protein extraction and Western blot analysis
--------------------------------------------

SK-N-SH cells were seeded in 60 cm^2^ cell culture dishes at cell densities between 1×10^6^ and 4×10^6^ cells per dish differing for each time point. Cells were allowed to settle 24 hours before experiments. After experiments, SK-N-SH cells were mechanically scratched off the dish surface and lysated by adding a protein lyses buffer (\[20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, and 1:100 of protease inhibitor cocktail\]; Sigma-Aldrich, Munich, Germany). Protein concentration was analyzed employing the BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). Equivalent amounts of protein were loaded on a 12% gel for SDS-PAGE. Immunoblotting to a nitrocellulose membrane (Biostep GmbH, Jahnsdorf, Germany) was performed by using the tank blotting transfer method (Bio-Rad Laboratories GmbH, Munich, Germany). For immunodetection, anti-RBM3 (1:1000, Cat\#14363-1-AP; Proteintech, Chicago, IL, USA) and anti-beta-actin (1:10,000, Cat\#A5441; Sigma-Aldrich) were used as primary antibodies followed by incubation with anti-rabbit IgG-HRP (1:10,000, Cat\#711-035-152, Jackson, ImmunoResearch, West Grove, PA, USA) as secondary antibody. Proteins were visualized by using SuperSignal West Dura Chemiluminescent Substrate according to the manufacturer's instructions (Thermo Fisher Scientific, Bonn, Germany). Densitometry analysis was performed with Image Lab (Bio-Rad Laboratories GmbH, Munich, Germany).

Statistical analysis
--------------------

Data were graphed and analyzed with Prism GraphPad 6 (GraphPad Software Inc., Lajolla, CA, USA). All experiments were performed at minimum three times, and results are presented as mean ± SD. Variability between groups was compared by one-way analysis of variance (ANOVA) followed by Bonferroni's post-test for correction of multiple comparisons. Statistical comparison of two non-paired samples was performed by using the Student's *t*-test. For all analyses, *p*\<0.05 was considered statistically significant.

Results
=======

LDH
---

Cell death or cytotoxicity is typically quantified by cellular membrane damage, which results in the release of intracellular proteins such as the LDH into the cultured medium. In the authors' in vitro model, exposure of the SK-N-SH neurons to hypoxia (0.2% O~2~ for 24 hours) did not result in a significant increase of LDH release compared to the atmospheric normoxia control directly after exposure ([Figure 2A](#f2-hp-5-033){ref-type="fig"}). However, 24 hours after the hypoxic event, LDH release was significantly higher compared to groups maintained at 21% O~2~ for the same duration (48 hours after experimental start). Application of moderate hypothermia (33.5°C) resulted in decreased LDH release in comparison to neurons maintained at normothermic conditions after hypoxia, reaching a significant level at 48 and 72 hours of hypothermic treatment (eg, 72 and 96 hours after experimental start). SK-N-SH neurons that were only exposed to hypothermia for 24, 48, or 72 hours at atmospheric normoxia (21% O~2~) at all times showed the lowest LDH releases.

Exposure to subatmospheric oxygen tension (8% O~2~ for 24 hours) had no observable impact on SK-N-SH neuron viability. The LDH release did not differ from that in neurons under atmospheric normoxia ([Figure 2B](#f2-hp-5-033){ref-type="fig"}). However, exposure to moderate hypothermia for 24, 48, or 72 hours significantly decreased LDH release in SK-N-SH neurons that were exposed to 8% O~2~ as compared to normothermic controls at 37°C. The amount of LDH release was comparable with that of SK-N-SH treated with moderate hypothermia at 21% O~2~.

NSE
---

NSE is an established biomarker for quantification of neurological damage. In accordance with the LDH data, hypoxia (0.2% O~2~ for 24 hours) followed by 72 hours of atmospheric normoxia resulted in a significant increase in NSE release in the SK-N-SH cells, indicating cellular injury ([Figure 3](#f3-hp-5-033){ref-type="fig"}). Moderate hypothermia (33.5°C) for 72 hours significantly reduced NSE concentrations and, therefore, attenuated the neurological damage due to hypoxia. Furthermore, NSE concentration in cooled post-hypoxic SK-N-SH was comparable to that in the undamaged control group kept at 21% O~2~ and normothermia (37°C) at all observed time points. The release of NSE was significantly lower in SK-N-SH neurons that were only exposed to moderate hypothermia for 72 hours compared to undamaged SK-N-SH at 37°C.

ATP
---

Intracellular ATP concentration was quantified in SK-N-SH cells exposed to hypoxia and then treated with moderate hypothermia ([Figure 3B](#f3-hp-5-033){ref-type="fig"}). Hypoxia (0.2% O~2~ for 24 hours) significantly decreased ATP levels. Twenty-four hours after reoxygenation, ATP concentration significantly increased and was almost as high as in the control at 21% O~2~. Moderate hypothermia for 24, 48, or 72 hours led to slightly increased intracellular ATP levels in SK-N-SH cells already exposed to hypoxia, but the differences were not significant. Neurons that were exposed to hypothermia at atmospheric normoxia (21% O~2~) had similar ATP levels as those maintained at 37°C.

Cell morphology is maintained under hypothermic conditions
----------------------------------------------------------

In addition to decreased viable cell counts, exposure to hypoxia (0.2% O~2~ for 24 hours) followed by 72 hours at atmospheric normoxia also led to morphological changes, as observed in swollen and enlarged somata in the SK-N-SH neurons ([Figure 4](#f4-hp-5-033){ref-type="fig"}). Treatment with moderate hypothermia (33.5°C) for 72 hours attenuated the morphological changes induced by hypoxia. The cooled cells returned to their physiological appearance, and no sign of cell swelling was observed.

Subatmospheric oxygen tension (8% O~2~ for 24 hours followed by 72 hours normoxia) resulted in only small morphological changes ([Figure 4](#f4-hp-5-033){ref-type="fig"}). SK-N-SH neuron cell somata were only slightly enlarged, but physiological shape was preserved, and no signs of cell swelling were observed. No observable differences were seen in the morphological appearance of SK-N-SH cells that were cooled after exposure to subatmospheric oxygen tension as compared to those maintained at atmospheric normoxia (21% O~2~).

RBM3 mRNA expression (reverse transcriptase-quantitative polymerase chain reaction \[RT-qPCR\])
-----------------------------------------------------------------------------------------------

Moderate hypothermia for 48 hours resulted in significantly increased levels of RBM3 transcripts (mRNA) in human SK-N-SH cells ([Figure 5A](#f5-hp-5-033){ref-type="fig"}). The level of RBM3 mRNA was threefold higher compared to SK-N-SH cells at normothermia. No impact on the regulation of RBM3 transcription by hypoxia or subatmospheric oxygen tension (0.2% or 8% O~2~ for 24 hours) was observed ([Figure 5B](#f5-hp-5-033){ref-type="fig"}). Moderate hypothermia increased RBM3 mRNA levels in SK-N-SH cells that had undergone hypoxia (0.2% O~2~ for 24 hours) beforehand, with significant differences 72 and 96 hours after the experimental start ([Figure 6](#f6-hp-5-033){ref-type="fig"}). Likewise, moderate hypothermia resulted in a significant upregulation of RBM3 mRNA in SK-N-SH cells exposed to 8% O~2~ for 24 hours before reaching a significant level 48 and 72 hours after the experimental start ([Figure 6](#f6-hp-5-033){ref-type="fig"}). The temperature-regulated induction of RBM3 mRNA in post-hypoxic SK-N-SH cells was similar to that in SK-N-SH cells exposed to atmospheric conditions, at all times. Therefore, no additional or attenuating effect of hypoxia or subatmospheric oxygen tension on the regulation due to moderate hypothermia on RBM3 transcription was observed.

RBM3 protein expression (Western blot analysis)
-----------------------------------------------

In accordance with the presented RT-qPCR data, RBM3 protein levels were significantly increased in SK-N-SH neurons in response to moderate hypothermia (33.5°C) for 48 hours ([Figure 7A](#f7-hp-5-033){ref-type="fig"}). Neither reduction to 0.2% nor to 8% O~2~ for 24 hours had an observable impact on RBM3 expression ([Figure 7B](#f7-hp-5-033){ref-type="fig"}). Moderate hypothermia (33.5°C) for 24, 48, or 72 hours significantly increased RBM3 protein concentration in SK-N-SH cells that were either exposed to hypoxia or subatmospheric oxygen tension for 24 hours ([Figure 8](#f8-hp-5-033){ref-type="fig"}). The overexpression of RBM3 protein in response to moderate hypothermia was similar in SK-N-SH cells already exposed to hypoxia or kept at 21% O~2~. No additional effects on RBM3 expression could be observed. The results on RBM3 protein expression correlate with the findings in the regulation of RBM3 transcripts analyzed via RT-qPCR.

Discussion
==========

Cell death
----------

Reperfusion or reoxygenation injury is an acknowledged mechanism of cellular death characterized by excessive formation of ROS, leading to an inflammatory response and consequently cell death.[@b26-hp-5-033] In the present study, the authors demonstrated that reoxygenation after exposure of SK-N-SH neurons to hypoxia (0.2% O~2~) for 24 hours results in significantly increased cell death. This effect was not immediately observed at the end of the hypoxic phase, but rather 24 hours after reoxygenation, thus, indicating reoxygenation after hypoxia as the crucial effector of cell death in the authors' cell culture model. Induced cell death was still significantly observable 72 hours after hypoxic insult, as quantified by increased NSE release into the cultured medium. Treatment with moderate hypothermia for 48 and 72 hours effectively attenuated cell death in the post-hypoxic SK-N-SH neurons as observed in significantly reduced LDH and NSE releases, thus further supporting clinical indications of therapeutic hypothermia as a potent neuroprotective strategy against hypoxic--ischemic brain injury. The observations are also supportive of previous in vitro findings where a beneficial effect of mild-to-moderate hypothermia on neuronal cell survival has been demonstrated.[@b27-hp-5-033]--[@b29-hp-5-033]

Exposure to subatmospheric oxygen tension (8% O~2~) for 24 hours, however, did not lead to observable increased cell death in the authors' neuronal cell culture model. The amount of cell death was comparable to neurons maintained at atmospheric normoxia (21% O~2~). Although ambient oxygen (21% O~2~) is commonly used as a normoxic control in the majority of in vitro models, it is higher than in vivo O~2~ levels (1%--11%) in the mammalian brain. Previous studies have even demonstrated enhanced survival of neuronal cells under subatmospheric oxygen tension.[@b30-hp-5-033] The findings are comparable to those of Parmar et al who also observed no significant impact of subatmospheric oxygen tension on the number of viable neurons, nor on cell morphology in rat cortices exposed to 8% O~2~ for 3 hours.[@b31-hp-5-033] Therefore, it can be concluded that a moderate decrease in oxygen from ambient level has to be considered as a physiological cell environment for neurons and does not result in increased cell death.

Nonetheless, treatment of SK-N-SH neurons exposed to 8% O~2~ for 24 hours with moderate hypothermia still resulted in reduced LDH releases and, therefore, attenuated cell death. This cytoprotective effect of hypothermia is also observed in SK-N-SH cells that were only cooled to 33.5°C under atmospheric conditions, and it is suspected that this effect is not due to less cell proliferation in the hypothermic group, as no significant differences in BrdU cell proliferation assay were observed (data not shown). Therefore, it is assumed that hypothermia has a beneficial impact on SK-N-SH cell survival under physiological conditions.

The authors investigated if the observable cell death in the culture model is due to apoptosis via activation of caspase 3 and did not observe any significant differences in the normothermia versus hypothermia group (data not shown). Therefore, cell death in the authors' model is most likely due to necrosis or via a caspase-independent pathway, as has been shown in other studies examining neuronal cell death due to asphyxia.[@b32-hp-5-033]

Intracellular ATP levels are significantly reduced immediately after exposure to hypoxia, but are restored in 24 hours after oxygen deprivation. Even though slightly higher ATP concentrations are observed in post-hypoxic SK-N-SH neurons that were cooled compared to those at 37°C, the difference was not significant, however this cooling may contribute to keeping the neurons viable but does not seem to be the most significant mechanism for neuroprotection induced by moderate hypothermia.

Cell morphology
---------------

Cell volume and intracellular ionic concentrations are strictly regulated to maintain a physiological cell function.[@b33-hp-5-033] Due to hypoxia, several changes in cellular pathways occur, leading to ionic imbalances that result in an intracellular accumulation of calcium and sodium. Consequently, normal homeostasis of affected cells is disrupted and fluid streams into the intracellular space result in cell swelling, referred to as osmotic stress.[@b34-hp-5-033] During reoxygenation, this process intensifies the excessive production of ROS. While glial cells are able to regulate their cell volume and ionic balance, neurons are not.[@b35-hp-5-033],[@b36-hp-5-033] Thus, osmotic stress leads to neuronal cell death, eventually. These morphological changes could be observed in the authors' cell culture model with human SK-N-SH neurons stained with anti-beta III-Tubulin/DAPI after being exposed to hypoxia (0.2% O~2~ for 24 hours) followed by 72 hours of reoxygenation. Moderate hypothermia (33.5°C for 72 hours) was able to diminish the swelling of cell somata, thus protecting SK-N-SH from hypoxic injury. Subatmospheric oxygen tensions (8% O~2~ for 24 hours) did not lead to cell swelling and, therefore, seem to have no impact on ionic balances in human SK-N-SH.

Regulation of RBM3
------------------

There is a growing interest in stress responsive genes such as RBM3 which could possibly mediate hypothermia-induced neuroprotection, hence the authors strive to identify key targets of hypothermia to better understand its beneficial effects on cell survival. In the authors' cell culture model, an upregulation of RBM3 transcripts and proteins in response to moderate hypothermia (33.5°C for 24, 48, or 72 hours) was demonstrated. This overexpression was observed in SK-N-SH cells that were exposed to hypoxia or 8% O~2~ concentration for 24 hours before induction of hypothermia, as well as in the cells that were kept under atmospheric normoxia at all times. There was no additional effect of hypoxia or 8% O~2~ concentration on the upregulation of RBM3 due to moderate hypothermia, and the amount of the increase was similar in all groups (21%, 8%, or 0.2% O~2~). The findings are in correlation with previously published data, where the temperature-related regulation of RBM3 was examined. Danno et al[@b17-hp-5-033] observed an increase in RBM3 expression after moderate hypothermia (32°C) in several non-neuronal human cell lines. The authors demonstrated in a previous study an upregulation of RBM3 transcripts and protein in murine hippocampal brain slices and in murine hippocampal neurons in response to moderate hypothermia.[@b18-hp-5-033] This study is, according to the authors' knowledge, the first one to examine the effects of both hypothermia and hypoxia (in different ranges) on the regulation of RBM3 in neuronal cells. Wellmann et al demonstrated a hypoxia-induced upregulation of RBM3 transcripts and proteins in non-neuronal cells in an HIF-1α-independent manner.[@b19-hp-5-033] In contrast, no change in RBM3 expression in the neuronal SK-N-SH cell line in response to hypoxia or subatmospheric oxygen tension (0.2% or 8%) for 24 hours was observed, neither on the transcriptional nor on the translational level. The RBM3 regulation in response to reduced oxygen concentrations in other neuronal cells (murine hippocampal HT-22, murine primary neurons, data not shown) was also examined and the authors could not find any regulation, neither on transcriptional nor on the translational level. Trollmann et al exposed pregnant mice to hypoxia (6% O~2~ for 6 hours) at late pregnancy and analyzed the gene expression of the fetal brains and the placenta via microarray analysis.[@b37-hp-5-033] They also did not see an upregulation of RBM3, but saw a suppression of RBM3 expression in response to hypoxia. In conclusion, the oxygen-regulated expression of RBM3 seems to distinguish between different cell types and possibly also depends on other stress factors that occur simultaneously such as additional glucose deprivation during ischemia.

Through which specific molecular mechanism is RBM3 protecting neurons from cell death remains an unanswered question. Prior studies implicate that RBM3 is involved in protein translation, as it is able to bind ribosome subunit 60S and increases the formation of polysomes.[@b21-hp-5-033],[@b22-hp-5-033] RBM3 might act as a chaperone to ensure basal protein translation under hypothermic conditions. Moreover, RBM3 seems to have a regulatory function in the expression of microRNAs, although its exact function remains unclear.[@b38-hp-5-033]--[@b40-hp-5-033] It has been demonstrated that RBM3 is able to mitigate cell death due to neurodegenerative diseases.[@b25-hp-5-033],[@b41-hp-5-033] Interestingly, in that context, a recent study identified RTN3, a protein that is involved in synapse function, as a target of RBM3.[@b42-hp-5-033] Taken together, further research is needed to address the possible targets and molecular functions of RBM3.

Conclusion
==========

The presented cell culture model, by using human SK-N-SH neurons, reflects several important clinical aspects of therapeutic hypothermia and is suitable for investigating the induced pathways and gene expression kinetics. The beneficial effects of moderate hypothermia after hypoxic brain injury with regard to cell survival and morphology were demonstrated, which support the findings of previous studies. Moreover, a temperature-related regulation of the cold-shock protein RBM3 correlating with the protective effects of hypothermia was shown. The findings suggest that RBM3 is a promising key target of hypothermia and, therefore, a possible mediator of hypothermia-induced neuroprotection. Further research is needed to elucidate cellular functions and molecular pathways of RBM3 and its role as a cytoprotective effector.
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![Time temperature protocol. SK-N-SH cells were exposed to either 0.2% or 8% O~2~ for 24 hours followed by normothermia (37°C) or hypothermia (33.5°C) for 24, 48 or 72 hours (total 48, 72 and 96 hours).](hp-5-033Fig1){#f1-hp-5-033}

![LDH release in SK-N-SH cells exposed to (**A**) 0.2% or (**B**) 8% O~2~ for 24 hours followed by normothermia/hypothermia for 24, 48, or 72 hours (total 48, 72 and 96 hours, n=3--4, \**p*\<0.05).\
**Abbreviation:** LDH, lactate dehydrogenase.](hp-5-033Fig2){#f2-hp-5-033}

![(**A**) NSE release in SK-N-SH cells exposed to hypoxia (0.2% O~2~ for 24 hours) followed by normothermia/hypothermia for 72 hours compared to SK-N-SH at atmospheric normoxia and hypothermia/normothermia for 72 hours (n=3, \**p*\<0.05). (**B**) Intracellular ATP concentration in SK-N-SH cells exposed to hypoxia (0.2% O~2~ for 24 hours) followed by normothermia/hypothermia compared to SK-N-SH at atmospheric normoxia and hypothermia/normothermia (n=4, \**p*\<0.05).\
**Abbreviation:** NSE, neuron-specific enolase.](hp-5-033Fig3){#f3-hp-5-033}

![Cell morphology after 24 hours of atmospheric normoxia, subatmospheric oxygen tension, or hypoxia (21%, 8%, or 0.2% O~2~) followed by 72 hours of normothermia (37°C) or hypothermia (33.5°C). SK-N-SH cells are stained with anti-beta III-Tubulin (red) and DAPI (blue).\
**Abbreviation:** DAPI, 4′,6-diamidin-2-phenylindol.](hp-5-033Fig4){#f4-hp-5-033}

![Expression of RBM3 mRNA in SK-N-SH after (**A**) 48 hours of moderate hypothermia compared to a normothermic control group and after (**B**) 24 hours of 0.2% O~2~ or 8% O~2~ oxygen tension compared to an atmospheric normoxic control group at 21% O~2~ (n=3--6, \**p*\<0.05).\
**Abbreviations:** RBM3, RNA-binding motif 3; m, messenger.](hp-5-033Fig5){#f5-hp-5-033}

![Expression of RBM3 mRNA in SK-N-SH exposed to 0.2% O~2~ (**A**) or 8% O~2~ (**B**) for 24 hours followed by normothermia/hypothermia for 24, 48, or 72 hours (total 48, 72 and 96 hours, n=3, \**p*\<0.05).\
**Abbreviation:** RBM3, RNA-binding motif 3.](hp-5-033Fig6){#f6-hp-5-033}

![Western blots and densitometric quantification of RBM3 protein versus beta-actin in SK-N-SH after (**A**) 48 hours of normothermia (37°C) versus hypothermia (33.5°C) and after (**B**) 24 hours of 0.2% or 8% O~2~ tension compared to 24 hours of atmospheric normoxia (n=4--8, \**p*\<0.05).\
**Abbreviation:** RBM3, RNA-binding motif 3.](hp-5-033Fig7){#f7-hp-5-033}

![Western blots and densitometric quantification of RBM3 protein versus beta-actin in SK-N-SH cells after (**A**) 24 hours of hypoxia (0.2% O~2~) or (**B**) 24 hours of subatmospheric oxygen tension (8% O~2~) followed by 24, 48, or 72 hours of normothermia/hypothermia (total 48, 72 and 96 hours, n=4, \**p*\<0.05).\
**Abbreviation:** RBM3, RNA-binding motif 3.](hp-5-033Fig8){#f8-hp-5-033}
